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ABSTRACT
A blowdown turbine facility and an experimental program for the study
of heat transfer in cooled turbines are described. The blowdown facility
introduces the concept of using short duration experiments to test turbines
by scaling the metal surface temperatures down to room temperature, and
consequently scaling pressures and mass flow rates so that Reynolds, Mach
and Prandtl numbers are kept unchanged. Hence, the Nusselt number is also
unchanged. The short operating time assures that the surfaces remain nearly
isothermal and that fast instrumentation, pressure transducers and thin film
gauges can be used to record average and unsteady pressures and heat trans-
fer. For example, the instrumentation is able to resolve heat transfer and
pressure fluctuation induced by rotating blades passing over the stationary
shrouds. Both the operation and demonstration runs of the blowdown facility
are described. Finally, a two dimensional steady flow film cooling experi-
ment yields heat transfer coefficients under conditions which model the
average tangential flow over the stationary shrouds of the turbine under
test in the blowdown facility. The results indicate that the curvature of
the shroud leads to an increase of heat transfer by 15% and the separation
of the coolant flow at the injection edge reduces the cooling effectiveness
just downstream of the injection slot.
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HEAT TRANSFER MEASUREMENTS IN TURBINES*
I. INTRODUCTION
Specific fuel consumption and turbine components' lifetime are
directly related to the optimization of the cooling effectiveness of
nozzle, blade and shroud surfaces exposed to high temperature com-
bustion gases.
The optimization of cooling effectiveness depends on a detailed
understanding of heat transfer to film cooled curved surfaces in a
highly three-dimensional and unsteady flow. The experimental acquisition
of such data is made extremely difficult because of the severe engine
operating conditions (i.e., 2500*F and 300 psi), and theoretical deriva-
tion of heat transfer rates is hampered by the extreme complexity of
the flow. For example, in the problem of interest, the overheating of
cooled stationary rotor shrouds is likely to be associated with 1) the
scraping of the film and of the boundary layer by the rotor blades,
2) the strong secondary flow induced by radial density and velocity
gradients, and 3) by tip vortices without mentioning rubbing of the
blade tips against the shroud. However, the dominant mechanism among
those described cannot be determined either theoretically because of
* Presented at Symposium on Instrumentation for Airbreathing Propulsion,
Monterey, California, September 19-21, 1972. Proceedings of the
Symposium will be published as a volume in the AIAA Progress Series
in Astronautics and Aeronautics, M.I.T. Press, Cambridge, Mass.
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the extreme complexity of the flow or experimentally because of the
severe running conditions and low time response of the instrumentation.
The complexity of the fluid mechanics and the difficulty associated
with very expensive engine experimentation induce us to look for new
approaches which will provide the needed information and later suggest
solutions to these complex problems.
The new approach described here derives from the following:
1) the use of similarity allows the scaling down of the operating
conditions of real engines to conditions under which metal temperatures
are kept at room level while Reynolds, Mach and Prandtl numbers are
kept unchanged. This flow modeling eliminates material problems while
simplifying mechanical requirements.
2) Steady-state flow can be established in a machine such as a
turbine in a time comparable to a millisecond. Consequently, meaningful
measurements can be achieved in a comparable time. These experiments
can be performed in a turbine driven in a blowdown facility operating
for a period like a second.
3) Very sensitive measurements of fluid mechanic quantities like
pressure, temperature and velocity can be made when the instruments
are operating near room temperature. The time response of such instru-
mentation can be in the microsecond range. This provides good resolution
of unsteady flows in turbomachinery where the characteristic time (blade
passing time or flow time over blades) is of the order of one hundred
microseconds.
This report will describe a blowdown facility for the testing of a
3cooled turbine in which the flow is modeled to simulate the operating
conditions of the real engine. The first part of the report derives
the similarity laws used in the modeling and the last part will des-
cribe the instrumentation in such a facility together with measurements
of heat transfer in the presence of film cooling in a steady flow
corresponding to the average flow over the stationary shroud of the
gas generator turbine. Finally, preliminary measurements of heat
transfer to the stationary shroud of the second rotor stage of the
turbine will be described.
-4-
II. TURBINE MODELING AND SIMILARITY LAWS
The flow modeling to be used in a turbine blowdown facility can
easily be determined. The short operating time (one second) makes it
reasonable, first, to assume an isothermal wall model and second, to
scale down the operational temperature of the metal surfaces (T ) to
op
room temperature (T
A temperature scaling factor (S) may be introduced so that
T = S T (1)R op
The same temperature scaling (S) will have to be applied to both combus-
tion gas and coolant temperatures.
In order for turbine operation to be similar to design point con-
ditions, the Reynolds, Mach and Prandtl numbers, evaluated at modeling
conditions, must be equal to full run values. Consequently, Nusselt
numbers for both modeling and full run conditions are identical.
The equality of Reynolds numbers results in the following relation:
V e p Oex - ex p (2)
V y p Lop op ex ex
Mach number identity results in.
V y R T ~1/2
ex y ex ex ex 3)
V Y R T
op op op op
If Y ex = Y and R = R , equations (2) and (3) yield, after
ex op ex op
substitution of densities in terms of pressure and temperature and
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viscosities in terms of half power of temperatures,
"ex T ex OP (4)
p T 2op op ex
When the same turbine is used, Z = op . , so that
op e
p T
ex 
- S (5)
p T
op op
and P = p (6)
and V = A- V (7)
ex op
and the mass flows
m T
-- = e x - . (8)
. T
i op op
The above relations indicate that the scaling factor should be a number
like 1/4 for the first stage of a modern turbine when the metal surfaces
are maintained at room temperature. Under modeling conditions, the turbine
inlet temperature is reduced to a maximum value of 400*F and the cooling
gas to a value of -70*F. The inlet pressure is reduced by a factor of
four to a value of 65 psia, the density remains the same and the velo-
cities are cut by a factor of two. Hence, centrifugal stresses and metal
surface temperatures are reduced by a factor of four. The turbine output
power is reduced by a factor of eight. The above relations indicate that
modeling conditions for turbine testing will be relatively mild.
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III. TURBINE BLOWDOWN FACILITY
3.1 Description
The concurrent uses of a blowdown facility to reduce operating times,
of similarity laws to scale down operating temperature and pressure and of
fast instrumentation to retrieve the data provide a new inexpensive ap-
proach to turbine testing.
Since it takes about one millisecond to establish steady state flow
in a turbine operating at constant mass flow and rotational speed, the
test time will be determined by the characteristic time of the facility.
Further, the characteristic time of such a facility can be made about
0.1 sec; therefore, a test time of around one second is more than suffi-
cient while keeping near isothermal conditions.
The turbine section to be experimented on is the two stage gas turbine
generator from a General Electric T64 turboshaft engine, a 3000 hp helicopter
power plant. This turbine was selected for the experiment on the basis of
having a mechanical arrangement in keeping with the experimental objectives,
availability, and compatibility with the M.I.T. projected facility capacity.
The blowdown facility, to be described below, was built to satisfy
the design operating conditions of that turbine while keeping a good deal
of flexibility. The blowdown facility conditions are:
1) Maximum mass flow rate 16 lb/s
2) Maximum inlet temperature 500*F
3) Maximum turbine inlet
stagnation pressure 100 psia
4) Test duration 0.2 - 2 s.
The test facility is shown schematically in Fig. 1. The system is
composed of an air supply system, a turbine auxiliary, a pebble bed heater,
a diaphragm section, a mass flow metering throat and a supersonic diffuser
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section, the two stage turbine described above, and a downstream sub-
sonic diffuser.
The basic operating concept of the blowdown facility is as follows.
The turbine is brought to speed by an auxiliary drive, the main diaphragm
is then ruptured, the test mass flow expands through the turbine, and
the test is ended way before the turbine overspeeds by venting the turbine
inlet pressure. The turbine is presently free wheeling. The various
components and operating characteristics of the facility are described
below.
a) Air supply system. The air supply system consists of eleven
storage bottles containing 420 lb of air at 2400 psia, of a
manually controlled valve located on the bottles manifold, of
a high capacity pressure regulator and of a 2" ball valve.
The high capacity pressure regulator is dome loaded; the venting
of the dome is used as a safety feature to prevent turbine over-
speeding. The 2" ball valve is operated by a fast acting
pneumatic actuator; the main purpose of this valve is a fast
shut-off of the flow at the conclusion of the run or as a
safety at any time.
b) Auxiliary turbine drive. This system accelerates the turbine to
near test RPM before the main hot flow is introduced. Air is
taken just downstream from the 2" ball valve and reduced in
pressure by means of a second dome regulator. The system is
operated by a pneumatically actuated and electrically operated
2" ball valve downstream of the regulator. The flow is intro-
duced into the turbine through a manifold just upstream of the
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turbine casing. A loading regulator is used to externally
pressurize the dome of the pressure regulator at a given
rate in order to provide smooth acceleration of the turbine.
Acceleration from 0 to 10,000 RPM takes 50-60 seconds.
c) Pebble bed heater. The pebble bed heater is designed to bring
the mass flow at a constant temperature during the test time.
The cross-section of the heater is minimized by operating at
high pressure (up to 1000 psi) and the length is determined by the
requirement that the diffusive cooling wave does not traverse
the entire heater under conditions of maximum flow; thus the
test air is delivered at a constant temperature during the
test time. The pebble bed heater is a high pressure tank,
6 feet long and 1.5 feet in diameter, filled with 3500 lb of
soft steel balls. Prior to a run, the pebble bed is heated by
means of a propane burner and a steam ejector draws the hot air
from the burner through the pebble bed. A bleed valve is
located on the heater as a safety feature.
d) Diaphragms. The bursting of the main 6" diaphragm with a
pneumatically actuated plunger initiates the hot flow through
the turbine. A control 3" diaphragm limits the test duration
by venting the pressure upstream of the turbine
e) Metering throat and supersonic diffuser. A metering throat is
located downstream of the diaphragm. This throat (1.5" diameter)
is choked under operating conditions and is calibrated and
instrumented to measure the mass flow.
Since the pebble bed heater has to operate at high pressure
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(up to 1000 psi) while the turbine inlet pressure is limited to
100 psi, means of reducing pressure is needed. A supersonic
nozzle located downstream of the choked throat and a diffuser
accomplish this task. The flow leaving the metering throat
expands supersonically through a 7* cone. At the downstream
area corresponding to the correct Hach number for desired pres-
sure reduction through normal shock, a supersonic diffuser is
installed. The compact diffuser is constructed of a bundle of
0.25" diameter tubes, 3" long. The length to diameter ratio
is 12 which has been found to '- vear optimum for tubular
supersonic diffusers. The device is axially movable in the
nozzle, so the diffuser can be adjusted to the desired pressure
differential.
Figure 2 shows the assembly of diaphragm section, metering
throat, supersonic nozzle, supersonic diffuser section and T64
gas generator unit.
f) Rear subsonic diffuser. A subsonic diffuser (Fig. 3) located
downstream of the turbine has an overall area ratio of 2.5
and overall length to initial width ratio of 20.
3.2 Operation of Turbine Blowdown Facility
The sequence of operation of the test facility is the following:
a) the pebble bed heater and pipe section leading to the diaphragm
are pressurized;
b) the auxiliary drive valve is opened, the regulator dome is
pressurized and the turbine is brought to speed;
c) the main diaphragm is burst, test air enters the turbine. For
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a steady flow to be established in the turbine, it will take between
0.02 and 0.04 s depending on the test conditions. The time for the
cold air stored between the heater and the diaphragm to pass through
the turbine is 0.2 s. After that time, hot steady flow is established
through the turbine;
d) the test is terminated by bursting the control diaphragm
which vents the flow upstream of the turbine. This operation is followed
by closing of the main valve and by bleeding the dome regulator. The
three operations are initiated at the same time and the redundancy
provides ample safety to avoid turbine overspeed.
So far, eight tests of the complete facility have been performed
with mass flows of 8 lb/s and stagnation temperature of 350*F.
The oscilloscope traces shown in Fig. 4 describe the first operation
of the facility. The upper trace gives the stagnation pressure at the
metering throat whereas the middle trace gives the turbine inlet pressure
(pressure in the combustion chamber). The sweep time is 0.1 s/cm for
these two traces. In Fig. 4, the diaphragm bursts at 0.1 s, and the
main valve closes the flow 0.45 s after the initiation of the sweep.
During the test time lasting 0.35 s, the stagnation pressure at the
throat is steady at 300 psi and the downstream pressure is steady at
40 psi. Since these pressures are measured upstream and downstream of
the supersonic diffuser, the measured pressure ratio of 8 corresponds to
the design pressure ratio across the supersonic diffuser.
Whereas the stagnation pressure at the throat rises nearly con-
stantly after the diaphragm burst, the inlet turbine pressure requires 40 ms
to build up to steady state. The constant mass flow during the test time
is 8 lb/s. The bottom trace is induced by a magnetic pickup located on
the turbine which indicates a RPM of 7000.
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IV. HEAT TRANSFER MEASUREMENTS
4.1 Instrumentation
In a blowdown facility, the short test time (< 1 s) provides near
isothermal conditions for the exposed surfaces. If the unsteady heat
transfer and pressure variation associated with blade's passing over the
shroud are to be investigated, the gauges must have a good frequency
response up to 100 kHz since the blade passing frequency is of the order
of 10 kHz. Pesoelectric and strain gauge types of pressure transducers
have such a response. Thin film heat transfer gauges can also be made
to have such a response. Further, for film cooling, significant heat
transfer changes in distances comparable to the injection hole diameter
or slot width require the gauges to have widths smaller than 0.010 inch.
Meanwhile, average heat transfer rates can be measured with colorimetric
gauges, which consist of blocks of copper 3 mm thick, imbedded with
fast response thermocouples. The thickness of the blocks should be in
the order of magnitude of the thermal diffusion depth in copper. The
response of the thermocouples indicate the heat transfer rates.
4.2 Thin Film Heat Transfer Gauges
A thin film heat transfer gauge is made of a thin film resistance
thermometer muav.,ted on an insulating substrate.1 The thickness of the
film is chosen to be much smaller than the heat diffusion depth X = (O-T)1/2
in the characteristic time of the experiment. For example, if the
unsteady heat transfer rate associated with blade passing is to be
measured, the characteristic time is 10 lis and the gauge will have a
thickness which corresponds to a diffusion time smaller than 1 Ps. Thus,
the thin film gauge follows the surface temperature of the substrate
and the latter is measured by monitoring the electrical resistance of
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the thin film which varies by temperature using a Wheatstone bridge.
Two types of gauges have been used so far: platinum gauges and
nickel gauges which can be easily miniaturized (Figs. 5 and 6).
1) Platinum gauges. Hanovia #5 platinum paint is laid on a
polished end of a pyrex substrate 5 mm in diameter in a 5 x 1 mm strip
and heated in an oven up to 1250*F at slow rate. At this temperature,
paint fluxes evaporate and a very thin platinum filament bonded to
the pyrex results. To the two ends of this filament two electric con-
ductors are soft soldered and the assembly inserted into a plastic
holder. The filament thickness is estimated to be a few microns thick
and has a response up to 100 kHz.
2) Nickel gauges. Nickel gauges have been developed to have
smoother surfaces than platinum gauges. The substrate is of A.B.S.
plastic drilled according to gauge location pattern with electric con-
ductors inserted in the holes. After polishing the gauge face according
to the desired curved contour, the substrate is masked except at gauge
locations and passed through a chemical nickel deposition process in
which nickel films deposit at the bare places.
4.3 Steady State Heat Transfer on Flat and Curved Film Cooled Surfaces
The purpose of this experiment is to determine the steady heat trans-
fer rate to a curved surface representing the T64 shroud under modeling
conditions and to compare the results with experimental data obtained on
a film cooled flat surface under identical conditions.
Another important goal is to demonstrate satisfactory operation of
the thin film gauges and of the related electronics (bridges and amplifiers).
Since the tests will be conducted in a shock tunnel, the fast response and
data retrieval can be demonstrated.
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The apparatus is a two dimensional constant area curved channel
(Fig. 7) having a 9"-radius concave wall. The thin film heat transfer
gauges are located on the concave wall downstream of a coolant injection
slot of adjustable width. The channel is mounted as a shock tunnel at
the end of a 3"-diameter shock tube via an accelerating nozzle. At the
downstream end of the channel, a choked throat determines the flow
velocity. The stagnation pressure and temperature of the gas delivered
in the channel correspond to a modeling pressure of 38 psi and a temp-
erature of 1000*R. The steady flow test time is approximately 10 ms
whereas the time required to establish steady flow is 1 ms. Figure 7
illustrates the cooling system which provides the coolant flow during
the test. Purified nitrogen is cooled in a liquid nitrogen bath and
stored in a reservoir. Stagnation pressure and temperatures are regulated
by means of needle valves 1 and 2. The cooling gas flow is controlled
by a 0.080" choked orifice. Electrical valve no. 2 is normally open
and connected to needle valve 1. Electrical valve no. 1 is normally
closed and it connects to the injection slot via a plenum chamber.
At the time the burst of shock tube diaphragm is initiated, electric
valve no. 1 is opened, valve 2 is closed; the flow of coolant is therefore
timed with the channel flow. The gauge outputs are recorded on a magnetic
tape. Later the data are digitized and analyzed using a computer pro-
gram which performs the convolution integral which transforms surface
temperature into heat transfer rate. A typical gauge response is shown
in Fig. 8 which shows film resistance variation hence surface temperature
variation of substrate as a function of time. The traces closely approx-
imate the parabolic response to a constant heat transfer step.
For data comparison, a straight channel of identical dimensions
-14-
and flow characteristics was built.
Experimental values of heat transfer coefficients without film
cooling are plotted in Fig. 9 as a function of distance, expressed in
slot widths, from the injection point. These results indicate that
a) heat transfer coefficients measured on the curved wall are
15% larger than the data obtained on a flat wall under iden-
tical experimental conditions. This expected increase in
heat transfer level can be explained by an increased turbulence
level associated with the GBrtler instability;
b) a comparison between laminar and fully turbulent heat transfer
rates on a flat plate for the same Reynolds number of 3 x 105
indicates that the flow is transitional.
Ratios of heat transfer coefficients with and without film cooling
for a flat plate are given in Fig. 10. The experimental data for large
distances from the slot appear to agree with the empirical derivation
of Metzger2
Figure 11 is a sample plot giving data for 30* injection on a
curved wall and indicates that the heat transfer coefficient goes through
a maximum close to the injection. This maximum can be explained by the
existence of a coolant separation bubble downstream of the injection
point for a certain value of the coolant gas momentum normal to the wall.
It can be further shown that the interface between the hot and coolant
gas is unstable near the injection point. Visualization in a water channel
shows the existence of such a separated bubble with the interface instab-
ility having the tendency to break into a highly turbulent vortex structure.
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4.4 Heat Transfer Measurements in Turbines
Two thin platinum film heat transfer gauges were installed in
the uncooled shroud of the second stage rotor (Fig. 12).
Figure 13 gives the responses of the two gauges during a typical
run (the sweep speed is 0.1 s/cm). The flow starts in the turbine 0.16 s
after the initiation of the trace sweep; the hot flow enters the turbine
0.2 s later, as expected. The gauges have a response very similar to
the traces of Fig. 8 obtained in the uncooled curved channel, as shown
in Fig. 13. The thin film gauges were found to behave well in the
more severe conditions encountered in the turbine, but a 10% increase
in film resistance from run to run has been determined for some gauges.
This may be due to erosion or other mechanical effects. It may be
remembered that thin film gauges are particularly well suited to
measure unsteady heat transfer while average heat transfer can be
measured by colorimetric gauges which are also being built for this
experiment.
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V. CONCLUSION
Experimental investigation of phenomena such as heat transfer in
experimental turbines is extremely difficult because of the severity
of the operating conditions (2500*F, 300 psi) and because of the com-
plexity of the flow.
A new approach for the acquisition of such important data is
described and demonstrated in this paper. The new approach consists
in the concurrent use
1) of a blowdown facility with a short testing time (1 s);
2) of similarity laws to model the flow so that metal surface
temperatures are scaled down to room temperature while
Reynolds, Mach and Prandtl numbers are kept unchanged;
3) of fast instrumentation such as thin film gauges, heat
transfer gauges and high response pressure transducers.
Results of heat transfer measurements at a curved wall with and without
film cooling indicate that the concave curvature of the channel causes a
15% increase of heat transfer when compared to a flat wall. Also, a region
of separated flow is detected next to the injection point where heat
transfer exceeds the rate measured further downstream.
Although the turbine blowdown facility described in the first part
of this paper was primarily constructed for the measurement of heat transfer
it could be used for other experimental investigations such as turbine
aerodynamic performance and mechanical design because of its low cost, easy
instrumentation and reduced safety hazards.
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Trace 1: 0.1 sec/cm. Throat stagnation pressure 0.2 v/cm 0.1 v/100 psi.
Trace 2: 0.1 sec/cm. Turbine inlet pressure 0.1 v/cm 0.1 v/100 psi.
Trace 3: 1 msec/cm. Magnetic pickup.
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Figure 5. Platinum gauge.
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Figure 13. Response of Gauges Mounted in
Turbine Shroud: Precooling
and Heating Effect.
Time scale: 0.1 sec/cm.
